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1  | INTRODUCTION
Disease	 transmission	 between	 domestic	 and	 wild	 animals	 can	
have	 important	 impacts	 on	 agricultural	 economics	 (Alexandersen,	
Zhang,	&	Donaldson,	 2002;	 Renwick,	White,	&	Bengis,	 2007)	 and	






characteristics	 determine	 development	 and	 survival	 of	 free-	living	




grazing	 land	 with	 wildlife,	 such	 as	 at	 the	 border	 of	 conservation	
areas,	 many	 parasite	 species	 infect	 both	wild	 and	 domestic	 hosts	
(Walker	 &	 Morgan,	 2014;	 Walker,	 Plein,	 Morgan,	 &	 Vesk,	 2017),	
and	human	management	of	parasites	 in	 livestock	has	the	potential	
to	 affect	 the	 parasites	 in	 wildlife	 through	 spillover	 between	 host	
species	 (Weinstein	&	Lafferty,	2015).	Parasite	transmission	studies	
nevertheless	 tend	 to	 focus	on	single-	host,	 single-	parasite	systems,	
due	to	the	inherent	complexity	and	often	empirical	intractability	of	
an	integrated	ecological	approach	(Buhnerkempe,	Roberts,	Dobson,	
Heesterbeek,	 Hudson,	 &	 Lloyd-	Smith,	 2015;	 Walker	 &	 Morgan,	
2014).	Predictive	disease	models	offer	a	way	to	identify	the	risks	of	
such	 transmission	 and	 to	 design	 effective	 interventions,	 and	 their	
use	 is	 growing	 (Cowled,	Garner,	Negus,	&	Ward,	2012;	McCallum,	
2016;	Morgan	et	al.,	2006).
Standard	practice	 for	managing	helminth	parasites	 in	 livestock	
is	 through	 anthelmintic	 treatment,	 but	 this	 is	 inefficient	 and	 has	




management	 strategy	 that	 is	 also	 sustainable	 and	 robust	will	 de-
pend	on	the	ecological	context	of	the	livestock	production	system	
in	question.
We	 focus	 on	 a	 case	 study	 of	 the	Makgadikgadi	 and	 Nxai	 Pans	








The	 focal	 parasite	 is	 the	 well-	studied	 generalist	 nematode	
Haemonchus contortus,	although	the	approach	could	be	extended	
to	other	worms.	This	parasite	infects	at	least	six	species	of	wild	
and	 domestic	 ungulate	 in	 the	 study	 area	 (Walker	 et	al.,	 2017)	
and	 has	 been	 demonstrated	 to	 affect	 the	 health	 of	 livestock	
locally	 (Walker	et	al.,	 2015).	Haemonchus contortus is highly fe-














direction	 and	magnitude	 of	 parasite	 spillover	 between	 species.	Our	
overall	 aim	 is	 to	 describe	 specific	 and	 local	 applications	 to	 improve	
parasite	management	in	an	ecological	context	in	the	case	study,	while	
also	 developing	methodologies	 that	 are	more	 broadly	 applicable	 to	
parasite	management	 in	 support	 of	 conservation	 and	 agriculture	 in	
other	systems.
2  | MATERIALS AND METHODS
2.1 | Spatial and seasonal variability in shared 
grazing
The	 study	 area	 consisted	 of	 the	 MPNP	 in	 northeast-	central	




morning	to	graze	 freely	and	are	housed	overnight	 in	kraals	 (rough-	
fenced	enclosures).	The	area	 is	semi-	arid,	and	rainfall	 is	highly	sea-









grazing	 between	 wild	 and	 domestic	 animals	 in	 the	 four	 villages	
(Walker	et	al.,	2015).	To	confirm	the	seasonal	presence	of	migratory	
wildlife,	road	surveys	were	conducted	on	the	west	side	of	the	park	in	
which all observed wild mammalian herbivore species were recorded. 
These	surveys	were	carried	out	once	a	month	from	September	2013	
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2.2 | Spatial and seasonal variability in parasite 
burden in goats
Goats	are	a	key	resource	in	the	study	area,	with	39%–45%	of	house-
holds	 owning	 goats	 for	 reasons	 including	 investment	 and	 for	 food	
(Statistics	Botswana,	2014;	Walker	et	al.,	2015).	They	were	therefore	
chosen	as	the	focal	livestock	species.	We	examined	goats	in	the	study	
villages	 for	 clinical	 signs	 of	 infection	with	worms	 in	October	 2013	
(prior	to	the	rainy	season),	and	again	in	March–April	2014	(after	the	
rainy	season,	during	which	time	some	animals	were	treated;	Walker	
et	al.,	 2015).	We	 assessed	FAMACHA	 score	 as	 a	measure	of	 anae-






of	 a	 fence	 (Figure	1)	 on	 anaemia	 before	 and	 after	 the	 rainy	 season	
were	assessed	by	logistic	regression,	using	the	glm	function	in	r ver-
sion	3.1.0	(R	Core	Team,	2014).	Goat	characteristics	at	enrolment	were	




2.3 | Mechanistic (Q0) model of seasonal patterns in 
parasite development
To	determine	the	impact	of	abiotic	factors	on	transmission,	we	sim-



















Our	 simulation	 adapted	 the	 GLOWORM-	FL	 model	 (Rose	 et	al.,	
2015),	which	predicts	worm	population	dynamics	from	daily	rainfall,	
evaporation	and	mean	temperature.	These	climatic	inputs	were	gath-




side	of	the	study	area,	with	parameters	specific	to	H. contortus drawn 
from	Rose	et	al.	(2015).
The	 GLOWORM-	FL	model	 (Rose	 et	al.,	 2015)	 tracks	 the	 devel-






where L3p	 represents	 L3	 on	 pasture	 (in	 the	 soil	 or	 on	 herbage);	μ is 
the	substrate-	specific	(faeces,	soil	or	herbage)	mortality	rate	of	larvae;	
m1	 is	the	horizontal	migration	rate	of	L3	out	of	faeces	(L3f)	and	onto	
pasture	(L3p);	m2	is	the	proportion	of	L3p on herbage; β	is	the	herbage	
consumed per day; ρi	is	relative	density	where	i	represents	either	the	












































depending	on	 the	modelled	 scenario	 (Table	2).	The	number	of	 adult	




worms.	 Satellite-	derived	 NDVI	 was	 used	 in	 the	 model	 to	 account	
for	the	change	in	herbage	density	between	the	wet	and	dry	seasons	
(Sheffield	et	al.,	2014)	as	described	in	Appendix	S1.
First,	 to	 identify	 contrasting	 peaks	 in	 L3	 availability	 in	 different	
areas	as	a	result	of	abiotic	factors,	independent	of	host	density	or	im-
munity,	we	simulated	the	number	of	L3	on	pasture	over	time	assuming	
constant	egg	output	 from	a	 single	adult	 female	worm	on	either	 the	
east	or	west	 side	of	 the	park,	and	no	secondary	hosts.	For	compar-
























Parameter Definition Values Source
δ Development	rate	from	egg	to	L3 −0.09746	+	0.01063T Rose	et	al.	(2015)
μ1(t) Egg	mortality	rate	 exp(−1.62026	−	0.17771T	+	0.00629T
2) Rose	et	al.	(2015)






































ρ Host	densitya 0, 0.1, 1, or 10 Brooks	and	Maude	(2010),	
Chief	Wildlife	Officer	
(2012)
γ(t) Herbage	density	scaling	factor	 1 or V
ϵ Establishment	ratea 0,	0.05,	0.25,	0.5,	or	1 Barger	and	Le	Jambre	
(1988);	Jacquiet	et	al.	
(1998)










































2.5 | Migratory hosts and parasite movement
To	assess	 the	 role	of	migration	 in	moving	worms	between	 the	east	
and	west	of	 the	 study	 area,	we	assumed	 the	presence	of	 a	 second	

















3.1 | Spatial and seasonal variability in shared 
grazing
Farmers	 reported	 that	 wild	 and	 domestic	 ungulates	 use	 the	 same	






river	 (Khumaga	 and	Moreomaoto)	 reported	higher	overlap	 in	water	
use	compared	to	pasture	use,	while	Gweta	and	Phuduhudu	reported	
higher	overlap	in	pasture	use	than	water	use.
The	 road	survey	of	wildlife	on	 the	western	side	of	 the	national	
park	 confirmed	 the	 seasonality	 of	 the	 abundant	migratory	 species	
zebra	and	wildebeest,	which	were	observed	in	this	area	only	in	the	
dry	 season;	 other	 ungulates	 were	 observed	 throughout	 the	 year	
(Figure	2).
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likelihood	 ratio	 test	 χ2	=	24.7	 on	 3	 df, p	<	.0001);	 in	 this	model,	 a	
goat	in	Khumaga	was	less	than	half	as	likely	to	be	anaemic	as	a	goat	
in	 Gweta,	 while	 the	 other	 villages	were	 not	 significantly	 different	
from	Gweta.	Including	fence	instead	of	village	slightly	improved	the	
fit	 of	 the	base	model	 (AIC	1014,	χ2	=	4.15	on	1	df, p = .042),	with	
the	presence	of	the	fence	associated	with	lower	levels	of	anaemia.	
Village	location	(east/west)	was	not	significantly	different	from	the	
base	model		(AIC	1018,	χ2 = 0.087 on 1 df, p = .77).
After	 the	 rainy	 season,	 goat	 age	 and	 whether	 the	 herd	 was	
treated	 contributed	 to	 a	 better	 fit	 model	 (AIC	 615);	 inclusion	 of	
girth	and	sex	did	not	change	AIC	but	were	included	for	consistency.	
Model	fit	was	improved	by	including	fence	(AIC	588),	village	(582)	
or	 location	 (592):	 all	models	were	 significantly	 different	 from	 the	
base	model	by	the	 likelihood	ratio	test	 (p < .0001).	At	this	time	of	
year,	the	presence	of	the	fence	was	associated	with	higher	levels	of	
anaemia,	and	villages	 in	the	east	of	the	range	with	 lower	 levels	of	
anaemia.
3.3 | Seasonal patterns in parasite development
Seasonality	 of	 larval	 development	 on	 pasture	 was	 primarily	 driven	








ing,	but	did	 affect	 the	magnitude	of	Q0,	 such	 that	 the	 rainy	 season	
peaks	 were	 lower	 as	 increased	 vegetation	 diluted	 available	 larvae	
(Figure	3,	bottom	panel).
The	 best	 correlation	 between	 observed	 cases	 of	 anaemia	 and	
model	output	was	found	with	predicted	Q0	with	no	time	lag;	Q0 was 
a	better	predictor	than	season	or	precipitation	(Table	S2	in	Appendix	
S2).	Due	 to	autocorrelation,	 the	correlation	between	Q0 and clinical 
cases	is	cyclical,	with	inverse	correlation	at	lag	6	weeks	or	greater.	Q0 
calculated	with	NDVI	 led	 to	a	better	model	 than	without,	 but	 in	 all	
models	the	variance	explained	by	the	fixed	effect	was	only	about	1%.
3.4 | Optimal treatment timing
The	greatest	 reduction	 in	L3	on	pasture	was	achieved	 in	 the	model	
by	treating	during	a	period	of	rainfall.	Very	little	reduction	in	L3 was 
achieved	by	treatment	during	the	dry	season	(normally	April	through	








Gweta (8) Khumaga (11) Moreomaoto (11) Phuduhudu (33)
African	Elephant 100 100 100 97
Giraffe 0 27 0 88
Hippopotamus 13 45 18 6
Impala 38 27 9 61
Blue	Wildebeest 63 45 9 94
Plains Zebra 88 55 9 97
Livestock	enter	
park








































































ence	of	 alternative	hosts	 showed	high	variation	between	years,	 but	
was	 similar	 between	 host	 scenarios.	 Competent	 alternative	 hosts	
slightly	 increased	 total	 Q0,	 while	 non-	competent	 hosts	 slightly	 de-
creased	 it	 (Figure	4).	 In	the	baseline	scenario,	 total	Q0 was higher in 
the	east	in	some	years	and	in	the	west	in	others;	this	reflects	slightly	




3.5 | Migratory hosts and parasite movement
Migrating	 secondary	 hosts	 contributed	 less	 than	 stationary	 sec-
ondary	hosts	 to	 the	 total	worm	burden	 in	 each	 location	 (Table	S3	
in	 Appendix	 S2),	 but	 when	migratory	 hosts	 were	 present,	 a	 small	
proportion	 of	 the	 worm	 burden	 in	 each	 location	 was	 sometimes	
transferred	 from	 the	 other	 location	 by	 the	 migratory	 hosts	 (see	
Appendix	S2).
4  | DISCUSSION
In	 this	 study,	 we	 evaluated	 the	 extent	 of	 shared	 grazing	 between	
wild	 and	 domestic	 species	 and	 applied	 a	 novel	modelling	 approach	
to	examine	parasite	transmission	in	a	complex,	multihost	system.	The	





tegrating	ecological	 factors	 into	parasite	control	 in	 livestock	kept	 in	
mixed-	use	 areas,	 which	 should	 support	 farmer	 livelihoods	 and	 de-
crease	conflict	due	to	disease,	thereby	promoting	co-	existence.
The	 timing	 of	 antiparasitic	 treatment	 in	 goats	was	 optimised	 by	
maximising	the	reduction	in	onward	transmission	from	a	single	treat-
ment.	Transmission	was	highly	correlated	with	the	seasonal	pattern	of	






Dependent variable (n) Category Reference B SE Wald z Odds ratio (95% CI)
Dry	season	anaemia	(964) Khumaga Gweta −0.902 0.263 −3.43 0.406	
(0.239–0.672)**
Khumaga Moreomaoto −1.215 0.282 −4.31 0.297	
(0.169–0.511)***
Khumaga Phuduhudu −1.096 0.262 −4.18 0.334	
(0.197–0.552)***
Moreomaoto Gweta 0.313 0.228 1.37 1.367	(0.873–2.137)
Phuduhudu Gweta 0.194 0.208 0.93 1.214	(0.808–1.827)
Phuduhudu Moreomaoto −0.119 0.227 −0.524 0.888	(0.569–1.388)
Fence No	fence −0.336 0.166 −2.026 0.714	(0.515–0.987)*
Rainy	season	anaemia	(678) Khumaga Gweta 1.749 0.440 3.972 5.751	
(2.453–13.872)***
Khumaga Moreomaoto −0.413 0.307 −1.348 0.661	(0.361–1.203)
Khumaga Phuduhudu 0.753 0.378 1.993 2.123	(1.019–4.499)*
Moreomaoto Gweta 2.163 0.369 5.857 8.694	
(4.289–18.360)***
Phuduhudu Gweta 0.996 0.380 2.624 2.708 
(1.299–5.805)**
Phuduhudu Moreomaoto −1.166 0.314 −3.710 0.312	
(0.166–0.572)**
Fence No	Fence 1.499 0.279 5.368 4.477	
(2.598–7.784)***
East West −1.549 0.339 −4.571 0.212 
(0.106–0.404)***
Significance	indicated	by	*p < .05,	**p < .01,	***p < .0001.
















S2)	 and	may	buffer	 some	of	 the	uncertainty	 around	 identifying	 the	
single	optimal	day	for	treatment.	There	are	many	potential	scenarios	
for	 interactions	 between	wild	 and	 domestic	 hosts;	 in	 this	 case,	we	
assumed	 random	mixing	 subject	 to	overall	density	 in	each	 location.	
The	 simulations	 showed	 strong	 effects	 on	 the	magnitude	 of	 trans-
mission	 but	 rarely	 affected	 optimal	 treatment	 timing.	 Shared	 graz-
ing	with	non-	competent	domestic	hosts	 is	widely	practised	and	can	
reduce	 the	burden	of	worms	 in	 the	 target	host	 (Mahieu	&	Aumont,	
2009).	As	 abundance	 of	 alternative	 hosts	 had	 a	 large	 predicted	 ef-
fect	on	 transmission,	 it	might	be	practical	 for	managers	 to	consider	
whether	a	particular	set	of	alternative	hosts	is	likely	to	amplify	or	re-
duce	transmission.
Although	 migration	 has	 the	 potential	 to	 reduce	 disease	 preva-





burden	 in	a	given	 location	was	acquired	from	the	other	 location.	As	
there	 is	potential	 for	 such	movement,	 untreated	wildlife	may	act	 as	
refugia,	keeping	susceptible	parasites	in	the	system	(Van	Wyk,	2001),	
or	alternatively	could	move	anthelmintic	resistant	parasites	across	the	
landscape	 and	 infect	 domestic	 hosts	 in	 new	 locations.	Transmission	
of	anthelmintic-	resistant	H. contortus	from	wild	to	domestic	ungulates	
has	been	demonstrated	 in	 the	UK	 (Chintoan-	Uta,	Morgan,	Skuce,	&	
Coles,	2014).
Validation	of	predicted	risk	by	comparison	with	disease	data	was	
limited	 by	 a	 number	 of	 factors.	Although	 predicted	 and	 observed	
seasonal	 patterns	 agree,	Q0	 explained	 only	 a	 small	 amount	 of	 the	


















































scenario	for	wildebeest	and	zebra):	baseline,	ρ = 1, ϵ = 0.5;	cattle,	
ρ = 1, ϵ = 0.25;	impala	(non-	migratory)	and	wildebeest	(migratory),	
ρ = 0.1, ϵ = 0.25;	zebra,	ρ = 1, ϵ	=	0.	Note	different	y-	axis	scales	
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The	 GLOWORM-	FL	 model	 on	 which	 the	 simulation	 was	 based	









model	can	help	 to	 focus	such	efforts	efficiently	 to	calibrate	 to	 local	
conditions	and	test	key	predictions.
Despite	 the	 limitations	 of	 the	 model,	 the	 overall	 seasonal	 and	













eggs	 per	 day	 results	 in	 high	values	 of	Q0	 under	 prime	 conditions,	
such	 that	 one	 adult	worm	may	 give	 rise	 to	 20,000	worms	 in	 the	
next	 generation	 in	 the	 absence	 of	 density-	dependent	 constraints.	




on	 estimates	 based	 on	 temperate	 grassland.	 Further	 experiments	
could	elucidate	how	larval	migration	and	subsequent	consumption	
by	potential	hosts	differs	in	the	ecosystem	found	in	the	study	area.	
Overall,	 unless	 there	 is	 substantial	 nonlinearity	 introduced	 by	 the	




Using	 the	 current	 approach,	 we	 were	 able	 to	 quantify	 the	 po-
tential	 impact	 of	wildlife	 contact	 on	 parasite	 transmission.	A	 similar	
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the	 methodology.	 J.G.W.,	 H.R.V.	 and	 E.R.M.	 developed	 the	 model.	




Data	 available	 from	 the	 Dryad	 Digital	 Repository	 https://doi.
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